The productivity of forests is often considered to be limited by the availability of 22 phosphorus (P). Knowledge of the role of organic and inorganic P in humid subtropical forest soils is 23 lacking. In this study, we used chemical fractionation and 31 P nuclear magnetic resonance (NMR) 24 spectroscopy to characterize the form of P and its distribution in undisturbed perhumid
lacking. In this study, we used chemical fractionation and 31 P nuclear magnetic resonance (NMR) 24 spectroscopy to characterize the form of P and its distribution in undisturbed perhumid
25
Chamaecyparis forest soils. The toposequence of transects was investigated for the humic layer 26 from summit to footslope and lakeshore. The clay layer combined with a placic-like horizon in the 27 subsoil may affect the distribution of soil P because both total P and organic P (P o ) contents in all 28 studied soils decreased with soil depth. In addition, P o content was negatively correlated with soil 29 crystalline Fe oxide content, whereas inorganic P (P i ) content was positively correlated with soil 30 crystalline Fe oxide content and slightly increased with soil depth. Thus, P i may be mostly adsorbed 31 by soil crystalline Fe oxides in the soils. Among all extractable P fractions, the NaOH-P o fraction 32 appeared to be the major component, followed by NaHCO 3 -P o ; the resin-P and HCl-P i fractions 33 were lowest. In addition, we found no typical trend for P i and P o contents in soils with topographical 34 change among the three sites. From the 31 P-NMR spectra, the dominant P o form in soils from all 35 study sites was monoesters with similar spectra. The 31 P-NMR findings were basically consistent 36 with those from chemical extraction. Soil formation processes may be the critical factor affecting the 37 distribution of soil P. High precipitation and year-round high humidity may be important in the 38 differentiation of the P species in this landscape.
Introduction

1
In terrestrial environments, mountainous forest is one of the canonical ecosystems that contain 2 abundant biodiversity and is a vulnerable ecosystem [1] . Thus, understanding the soil nutrient 3 distributions in a forest ecosystem is vital to maintain ecosystem functions and productivity [2] . In 4 such ecosystems, phosphorus (P) can be a limiting element because unlike nitrogen (N), which is 5 mainly deposited from the atmosphere [3], P is mostly acquired from weathering soil parent material 6 and is continuously lost due to soil erosion [4] [5] [6] . The bioavailability of P in soils further relies on the 7 chemical/physical conditions that fractionate the total P into different species [7, 8] . Understanding P 8 availability and its transformation among each fraction will help assess the P supply capacity of the 9 soil over the long term and to adapt management practices [9] .
10
Some isolated P fractionation pools have key functions in the P cycle and plant nutrition [9-13].
11
The organic and inorganic forms of P are usually separated and quantified by their plant availability.
12
The mineralization of organic P is generally responsible for most of the P supply to plants [14, 15] ,
13
especially in mountain forest ecosystems [2,9,16]. Actually, the sequential fraction can provide a 14 general indicator of how biological and geochemical forms of P change during soil weathering in 15 mountain forest ecosystems. In general, organic P was found the dominant fraction of total P (TP) in 16 these forest ecosystems, and available P content was determined by the mineralization processes of 
25
forest soils in Italy and found organic P, bioavailable P contents and alkaline mono-phosphatase 26 activity were all increased with altitude. Similarly, Doolette et al. [26] analyzed P composition in five 27 alpine and subalpine forest soils and found that 54% to 66% of extractable P was contributed by 28 organic P such as phosphomonoesters and inositol phosphonates, and the organic P composition was 29 affected by temperature and soil moisture.
30
To our knowledge, studies of P fractionation in forests were mostly performed in temperate 31 ecosystems [8, 27, 28] , with relatively fewer studies from subtropical and tropical alpine forests.
32
Understanding the biogeochemistry of subalpine/alpine forest soils in tropical/subtropical areas may 33 help explain the transition phenomenon between temperate and subtropical/tropical ecosystems and 34 could well link pedogenic processes or nutrient cycles along a climosequence. In this study, to 35 evaluate the pedogenetic effects on the forms of P, we determined the composition of soil P with both forest. Because the changes in soil oxidation-reduction status affect the formation of iron (Fe) and 1 consequently the P status in such humid forest soils, we hypothesized that the content of labile P 2 associated with Fe oxides increases with changing topographic sequence from the summit to 3 lakeshore because of leaching and soil erosion, whereas recalcitrant organic P, which is more 4 complex formed, will remain in the summit. 
24
A pedon sample was collected from each site to the bedrock. However, the pedon sample in the 25 lakeshore was limited to the O horizon because no mineral layers were developed on the bedrock.
26
Each horizon in the pedon was collected separately to determine the basic soil physiochemical
27
properties.
28
To further determine the P fractionation along the topography, soil samples were collected from 29 three selected sites along a topographic sequence in the forest that covered the summit, footslope and 30 lakeshore. At each sampling site, three composite samples, each containing five subsamples, were
31
collected with a soil auger with 8 cm in diameter and 10 cm in depth (O e and O a horizons).
32
Visible coarse organic materials, such as roots and litter were manually removed before sieving.
33
The remaining soil samples were air dried and sieved through a 2-mm sieve for chemical analysis. 
18
Summed P i content was calculated as the sum of all analyzed P i fractions including resin-P i ,
19
NaHCO 3 -P i , NaOH-P i , HCl-P i and cHCl-P i . P-NMR spectra were proton-decoupled by using an inverse-gated pulse
33
sequence to overcome the nuclear Overhauser enhancement and for quantification [40, 41] .
34
Depending on the P content in the alkaline extract, 500-2,500 scans were used for an acceptable 
13
USA) was used for these statistical analyses. P < 0.05 was considered as statistically significant.
14
Results
15
The basic chemical properties of the studied soils are in Table 1 . The soils were strongly acidic;
16 pH values ranged from 3.3 to 4.5 in the three sampling sites. Both TOC and TN contents were high 17 in the O horizon and decreased from the surface to the low horizons. Cation-exchange capacity
18
basically coincided with TOC content, decreasing from the surface to the low horizons. Total P
19
content also decreased from the surface to the low horizons, but the difference was much less than
20
for TOC and TN contents. contents were negatively correlated in the soil samples (Fig. 1a) . However, the relation between P i 9 and Fe o contents was not statistically significant ( Peer-reviewed version available at Forests 2018, 9, 294; doi:10.3390/f9060294 1 the lakeshore, whereas the values in the summit site were in between those at the footslope and 2 lakeshore. In addition, summed P o and residual P contents were similar among the three sites (Table   3 2). HCl-P i and cHCl-P i contents were similar among the three sites, whereas cHCl-P o content in the 4 footslope soil was similar to that at the lakeshore but higher than that at the summit. NaOH-P i 5 content was higher at the footslope than the summit and lakeshore. In addition, NaOH-P o content 6 was higher at the summit than the footslope and lakeshore. NaHCO 3 extracted P i content was higher 7 at the summit than the footslope and lakeshore, whereas NaHCO 3 -P o content was the highest at the 8 footslope and was similar at the summit and lakeshore. Resin-P i content was higher at the lakeshore 9 than the footslope, and resin-P i content at the summit was in between that at the other two sites. HCl-P i : inorganic P extracted by 1.0 M HCl; cHCl-P i : inorganic P extracted by concentrated HCl;
21
10
13 cHCl-P o : organic P extracted by concentrated HCl; Summed inorganic P: Resin-P i ＋NaHCO 3 -P i ＋
14
NaOH-P i ＋HCl-P i ＋cHCl-P i ; Summed organic P: NaHCO 3 -P o +NaOH-P o ＋cHCl-P o ; Summed P:
15
sum of P i + P o + residual P. Means followed by the same letters in the same column are not
16
significantly different (p > 0.05) by Tukey's honestly significant difference test.
17
Organic P was the dominant P fraction in the mountain forest soils of the three sites (Table 3) .
18
Moreover, NaOH-P o represented the major P fraction and contributed to more than 40% of the 19 summed P content in the three sampling sites (Fig. 3) . NaHCO 3 -P o was the second most abundant P 20 fraction among the three sites and contributed more than 20% of the summed P content. Summed P i 21 content (resin-P i ＋NaHCO 3 -P i ＋NaOH-P i ＋HCl-P i ＋cHCl-P i ) in surface soils of all study sites 22 contained less than 18% of summed P, and NaOH-P i was the major P i fraction in total P i . 26 predominant species of extracted organic P in soil from all sites and contributed to more than 60% of 1 the total P fractions ( Fig. 3; Fig. 5 ). The proportion of orthophosphate diesters was much lower than 2 that of orthophosphate monoesters and only contributed 15% to 20% of the total P pools. Content of 3 phosphonates (18.7 ppm) ranged from only 2.2% to 4.0% of extracted P from the three sites, and the 4 highest content was found at lakeshore, with waterlogged conditions. 
23
P i P o Soil Chemical § NMR Chemical § NMR -----------------------% --------------------------
8
Inorganic P compounds identified in the NaOH-EDTA extracts included orthophosphate and 9 pyrophosphates. Inorganic orthophosphate signals at 6.1-6.3 ppm ranged from 11.6% to 17.3% of the 10 spectral area for all study sites (Table 3 ). The highest inorganic P content was found at the footslope.
11
In addition, small additional pyrophosphate resonance (-4.3 ppm) was observed only at the summit 12 site. 
18
This well explains our observations of low soil pH in the studied sites. Moreover, our previous study 
The depth of O horizons increased from the summit to the lakeshore, which suggests a process of 
Chemical extraction of soil P
24
Because of the low overall P i concentrations in the three study sites, the different chemical 25 extractable P i contents increased downhill but not significantly. In addition, the low labile P fractions,
26
NaHCO 3 -P i and NaOH-P i , in the lakeshore may also be due to the vigorous fluctuation of the water 27 level of the lake after showers or storms, which could remove the suspended particles or detritus of 
31
P o appeared to be the predominant fraction in the perhumid forest and was mostly non-acid 32 extractable. Because the soil is acidic in the study sites, most P o fractions may not be labile and sites, which showed that slope position affects the various P pools [57] . As shown in Figure 3 , the sum 3 of the highly labile P o fraction (NaHCO 3 -P o ) and long-term P transformation (NaOH-P o ) contributed 4 more than 75% of the total extractable P in soils at all study sites, so organic P was the major P source 5 in these soils. The P o accumulation in soil surfaces resulted from the biological cycling of P through 6 the plant litter to the soil surface.
7
The cHCl-P i extract has recalcitrant P forms associated with mainly Fe oxides and/or P derived 8 from non-alkaline extractable debris, whereas cHCl-P o may include both stable, little and/or 9 bioavailable (non-alkaline extractable) P forms. However, the proportions of cHCl-extractable P i and
10
P o were only about 4.5% to 7.5% of sequentially extracted total P in soils of all study sites. The
11
residual P is associated with highly organic materials such as lignin and organometallic complexes
12
[58], but we have no information on the composition of organic matter in this fraction. 
15
Monoester P includes high proportions of inositol phosphate, sugar phosphate and choline phosphate 16 primarily derived from plant, animal and microbial residues [62] .
17
Depending on the soil types, inositol phosphates are reported to be the predominant organic P 
20
Conclusions
21
This study demonstrated that soil chemical extractable P i and P o can be vertically affected by the 22 formation of Fe oxides in soils. Because of a clay layer combined with a placic-like horizon in the 23 subsoil in our test site, both total P and P o contents were decreased with increasing soil depth, with P i 24 content slightly increased in different soil horizons. The low permeable soil layer also favored 25 downhill run-off, however, because P i contents were relatively low as compared with P o contents, the 26 contents did not significantly differ among the three study sites. Because most of the P was in organic 27 forms, a negligible amount of P i may be released to the lake along the slope. Therefore, although 28 topography and soil formation processes affect the distribution of soil P, high precipitation and 29 year-round high humidity might be important for differentiation of the P species in this landscape.
30
Moreover, the similarity of the 31 P-NMR spectra among the three sampling sites supports the 31 alleviated differentiation of the P species in this landscape. 
